indicate that non-high-risk patients who were randomized to surgery had notable improvement in disease-specific quality of life (QoL) and physical function. Neuropsychological and psychological changes following LVRS have not yet been investigated.
It has been known for some time that patients with mild-to-severe COPD exhibit cognitive deficits in visual-motor skills, reasoning, visual and auditory attention, visual and verbal learning and memory, and language skills. [5] [6] [7] [8] Additionally, psychological difficulties, such as depression and anxiety, are common in COPD patients. 3,9 -11 Patients with emphysema constitute a subset of the COPD group, and most data pertaining to COPD are highly relevant for patients with emphysema.
Two medical treatment approaches have demonstrated a positive impact on cognitive and psychological functioning in patients with COPD. Evidence exists that long-term (ie, Ͼ6 months) use of oxygen therapy improves cognitive performance in COPD patients and may be attributable to the direct effects of improved oxygen delivery to the CNS. 3, [12] [13] [14] Improved cognition and reduced depression in COPD patients have also been reported 2,15-18 following multidisciplinary rehabilitation. The mechanisms associated with cognitive improvement in these COPD patients have included better physical endurance and improved psychological functioning. Another proposed mechanism suggests that an improved exercise capacity contributes to the enhanced utilization of oxygen in the brain and improved neurotransmitter function. Extrapolating from these results, a procedure such as LVRS that enhances exercise capacity and oxygenation would be expected to contribute to enhanced neuropsychological performance.
This longitudinal study included neuropsychological evaluations at the following three time points: baseline; after 6 to 10 weeks of rehabilitation (just prior to randomization); and 6 months postrandomization into the LVRS and MT groups. We hypothesized that patients who were assigned to the LVRS group would experience improvements in cognitive performance over and above those observed in the MT-only group, as demonstrated by improvement between the postrehabilitation assessment and the 6-month follow-up examination. Second, it was expected that changes in cognitive function would exceed those expected by a learning effect as quantified with an age-matched, but healthy, control group. Third, we expected that the incidence of neurologic events and delirium would be low in the LVRS group and would not account for group changes in cognitive performance. Fourth, we hypothesized that improved exercise and oxygenation, but not psychological status, would be mechanisms associated with neuropsychological improvement.
Materials and Methods

Subjects
All of the patients in the NETT at the National Jewish Medical and Research Center (Denver, CO) and at the Ohio State University (Columbus, OH) were invited to join this ancillary study. Fifty-six patients from both sites completed baseline (time 1) and postrehabilitation (time 2) testing. As indicated in Figure  1 , subjects withdrew prior to and following randomization to both the LVRS and MT groups. A total of three deaths occurred, one prior to randomization and two following LVRS. Data from the two patients who died following LVRS are reported at the end of this section. In addition, a sample of 39 healthy subjects matched by age, education, gender, and physical activity level were recruited as a control group and were used to quantify the learning effects on this battery of neuropsychological tests.
The following three groups of subjects completed this study: 39 NETT patients (19 randomized to LVRS and 20 randomized to MT) and 39 matched healthy control subjects. As shown in Table  1 , the groups were primarily older white men with a high-school education. All of the MT and LVRS subjects were enrolled as participants in the NETT protocol 19 with moderate-to-severe emphysema. All of the NETT subjects participated in an exercise rehabilitation program for 6 to 10 weeks (including physician visits, exercise training, and educational and psychosocial sessions). Those who completed the required rehabilitation, met inclusion criteria following rehabilitation, and consented to randomization were randomized to either the MT or the LVRS group. All of the patients in the LVRS group received a median sternotomy procedure, as described previously. 19 
Measures and Procedures
If patients agreed to participate, they signed a consent form and continued with the neuropsychological battery of tests described below (the time to completion of the tests was approximately 90 min), which was administered by trained neuropsychological personnel. All of the enrolled subjects completed the Beck depression inventory (BDI), 20 The State Trait Anxiety Inventory, 21 and the Trail Making Test 22 as a part of the initial assessment for the general NETT study. To assure proper oxygenation throughout the neuropsychological testing period, oximetry readings were taken before and after testing (model 3800 oximeter; Datex-Ohmeda; Madison, WI). Only one patient showed a slight drop in saturation levels during the neuropsychological evaluation (to 86%).
Neuropsychological Tests: The battery was developed to evaluate cognitive dysfunction across a variety of areas, including intelligence, reasoning, attention, memory, language, and visuospatial functions, all of which have been found to be impaired in patients with moderate-to-severe emphysema. The tests included four subtests from the Wechsler Adult Intelligence Scale-Revised to estimate intelligence quotient 23 Neuromedical Interview: At baseline, the patients completed a brief (10 to 15 min) structured interview regarding their current status and medical, neurologic, and psychiatric histories. Any changes in this background information were recorded at the follow-up time points.
Psychological Functioning and QoL Measures: The BDI 20 is a 21-item scale with well-established reliability and validity 31 that measures symptoms of depression. The scores for each item can range from 3 (the most severe) to 0 (absence). A total score of 63 is possible, and the higher the score, the greater the level of depressive symptoms. Subscales of cognitive-affective and somatic symptoms were also derived according to the BDI procedures. The State Trait Anxiety Inventory 21 is a 40-item self-report questionnaire that examines both the state (acute) and trait (chronic) symptoms of anxiety. It has been used extensively in prior clinical studies, and the reliability and validity are wellestablished. [32] [33] [34] The first 20 items are summed to create a state anxiety score (range, 20 to 80), and the latter 20 items form the trait anxiety score (range, 20 to 80). The Medical Outcomes Study 36-item short form 35, 36 examines the functional status and well-being in a self-administered format using Likert-type scales. It provides eight subscale scores, as well as a total score. The subscales include physical functioning, social functioning, role limitations due to physical problems, bodily pain, general mental health, role limitations due to emotional problems, vitality, and general health perceptions. Reliability and validity are wellestablished, and it has been found 37 to provide a valid indicator of change in health status.
Neurologic and Delirium Evaluation: Tests were administered to subjects in the LVRS group using the Western Perioperative Neurologic Scale (WPNS) and the Delirium Rating Scale (DRS) by a technician who was trained by a neurologist in the administration and scoring of this procedure at times 2 (ie, after randomization and prior to surgery) and 7 days following LVRS. The WPNS 38 was designed to detect and quantify discrete neurologic abnormalities across surgical procedures and has demonstrated reliability and validity. The examination assesses mentation, cranial nerve function, motor power, reflexes, sensation/cerebellar function, and gait. The DRS 39, 40 was designed to assess delirium using a 10-item, clinician-rated scale. High internal consistency, validity, specificity, and interrater reliability have been reported. 40 Exercise Measures: The maximal workload measures the exercise capacity (ie, the maximal workload that the subject achieves during an incremental cycle exercise test) and was a primary outcome measure in the NETT. Testing was performed using 30% inspired oxygen in all of the subjects and included 3 min of unloaded pedaling. The 6-min walk test is a measure of a subject's exercise capacity and is calculated as the maximum distance walked in 6 min. 41 
Statistical Analysis
The data are presented as the mean (Ϯ SD) for continuous data (unless otherwise specified) and the percentage of the whole for dichotomous data. To compare the demographic and health characteristic variables at baseline among the groups, the 2 test or Fisher exact test is used for the dichotomous variables, and analysis of variance (ANOVA) is used for the continuous variables. To correct for practice effects in evaluating neuropsychological tests, a regression approach is used. 42 Control group data are used to generate the formulae for predicting time 2 scores from time 1 scores, and time 3 scores from time 1 and time 2 scores. The differences between the observed and predicted scores are calculated within each experimental group and are compared between groups at time 3 and between time 2 and time 3 within groups via ANOVA. For psychological functioning and QoL, repeated-measures ANOVA is used with each group (LVRS vs MT) as a betweensubjects variable and time as a within-subject variable. To examine the potential mediators of cognitive improvements in the LVRS group, Spearman rank correlation coefficients are computed for neuropsychological variables with health characteristics, psychological functioning, and QoL. To test for the change after LVRS in pulmonary functions and exercise testing, repeated-measures ANOVA is utilized with each group (LVRS vs MT) as a between-subjects variable. All of the data analyses were conducted using a statistical software package (SAS; SAS Institute; Cary, NC), with statistical significance determined by a two-tailed p value of Ͻ 0.05.
Results
Descriptive Analysis
No demographic differences (ie, gender, age, educational level, ethnicity, or marital status) were observed across the LVRS, MT, and control groups (Table 1) . In comparing the health characteristics of the LVRS and MT groups (Table 2) , there were no significant differences regarding the length of diagnosis, medication use, FEV 1 percent predicted, arterial oxygen saturation, Pao 2 , or maximum workload. The LVRS patients had a shorter 6-min walk distance and higher Paco 2 than the MT patients. Sixty-nine percent of the NETT patients (27 of 39 patients) were receiving oxygen therapy at baseline (12 were randomized to LVRS and 15 were randomized to MT), and 26 patients continued to receive oxygen therapy at time 2 (one patient in the MT group stopped receiving oxygen therapy) and at time 3 (one patient in the MT group was receiving oxygen therapy and two patients in the LVRS group stopped receiving oxygen therapy). Across groups, 20% of the NETT patients and 10% of the control subjects had a history of mild neurologic disorders; 18% of NETT and 10% of control subjects had a history of moderate-to-severe neurologic disorders; 18% of the NETT patients and 5% of the control subjects were currently receiving psychological treatment; 58% of the patients in both groups had received psychological treatment in the past; 15% of NETT patients and 8% of control subjects had a history of alcohol abuse; 23% of NETT patients and 10% of control subjects self-reported some visual problems; and 46% of NETT patients and 35% of control subjects selfreported hearing problems.
No changes in medication percentages were noted from baseline to follow-up. Following surgery, there was no evidence of a decline on the WPNS or a change in the DRS.
Neuropsychological Functioning
As noted in Tables 3 and 4, 20 individual test scores and a summary cognitive impairment index were derived from the neuropsychological battery. Using statistical methods that control for practice effects across the three time points described above, the LVRS group showed significant improvement compared with the MT group at 6 months on measures of psychomotor speed (Trails A in Table 3 ) and delayed recall for verbal information (Verbal pairs II in Table 4 ). Trends toward improved performance on sequential thinking and psychomotor speed (Trails B) and the measure of naming to confrontation (Boston Naming Test) were noted, as is shown in Table 3 . The examination of individual tests in Tables 3 and 4 indicates the overall improved cognitive performance within the LVRS group, with relatively stability or notable decline observed in test scores from the MT group.
Psychological Functioning and QoL
As indicated in Table 5 and Figure 2 , the LVRS group showed significant improvement compared with the MT group across the three time points on the BDI (total score and cognitive-affective subscores) using repeated-measures ANOVA. A trend was noted in the BDI somatic subscore. There was no difference among the groups on the acute or chronic anxiety subscores from the State Trait Anxiety Inventory.
As shown in Table 6 , the Medical Outcomes Study 36-item short-form QoL subscores are significantly improved in the LVRS group compared with those in the MT group across the 6-month time span. The results indicate significant improvement in the following scores for the LVRS group compared with the MT group in the subscores of physical functioning, role-physical, and change in health. Trends were apparent in the subscores for role emotional, social functioning, and vitality.
Pulmonary Function, Oxygenation, and Exercise Capacity
The LVRS group showed significant improvement compared with the MT group from time 2 to time 3 in workload (p Ͻ 0.001), FEV 1 percent predicted (p ϭ 0.003), Pao 2 (p ϭ 0.005), and Paco 2 (p ϭ 0.007) as illustrated in Figure 3 . No significant differences occurred between the groups on the 6-min walk test.
Mediators of Cognitive Change in the LVRS Group
Correlation analyses were performed to examine the potential mediators of cognitive improvement in the LVRS group between time 2 (postrehabilitation) and time 3 (6 months following randomization) on the measures identified above. There were no associations among the improved neuropsychological tests in the LVRS group (Verbal Pairs II and Trail Making Test A) and changes in depression (BDI scores), exercise tests (6-min walk test and workload), pulmonary function, oxygenation, or QoL scores. The improved delayed recall for verbal infor- mation (Wechsler Memory Scale-third edition and Verbal Pairs II) was not associated with depression, exercise tests, or pulmonary functions but was associated with improved role emotional score (r ϭ 0.55; p ϭ 0.02), vitality score (r ϭϪ0.69; p ϭ 0.002), and change in health score (r ϭϪ0.53; p ϭ 0.024).
Analysis of Deceased LVRS Patients
It is possible that the exclusion of the two deceased LVRS patients may have affected our results. Therefore, we imputed data from time 2 to time 3 for these two patients and re-ran all of the analyses. Because we expected improvement on the cognitive test scores due to these practice effects, over time we believed that using the time 2 data points at time 3 for the deceased subjects was appropriate. In terms of neuropsychological analyses over time, adding values for the deceased patients at time 3 did not change any of the results between LVRS and MT. In terms of psychological findings, there was one slight change in the data reported: the BDI somatic subscale was significantly improved in the LVRS patient group compared with the MT from time 2 to time 3 (p ϭ 0.045) when the deceased LVRS patient data were added. Our initial results without the two deceased patients indicated a trend p value of 0.058. Finally, in terms of pulmonary function, if we assumed that the LVRS patients remain the same at time 3, there was no longer a significant improvement in FEV 1 percent predicted between times 2 and 3 in the LVRS patients compared with the MT patients (p ϭ 0.136). Our original results indicated a p value of 0.0024 when the two deceased patients were not included.
Discussion
LVRS improves exercise capacity, dyspnea, and QoL in selected patients. 4 The current study suggests that additional improvement in a variety of neuropsychological and behavioral functions occurs in emphysema patients at 6 months after LVRS. LVRS is associated with improvements in delayed verbal memory and sequential psychomotor skills, and there was a trend toward improved naming to confrontation. Given the conservative nature of the control for practice effects in this analysis and the relatively poor health of the subjects prior to LVRS, these findings are substantial and very likely reflect clinically meaningful improvements post-LVRS.
The results additionally demonstrate significantly less depression in LVRS patients compared with MT patients at 6 months. The findings specifically showed lowered total depression scores, as well as improved subtest scores involving cognitive-affective components and somatic components. Consistent with data from the full NETT sample, 4 improvement in LVRS patients compared with MT patients at 6 months in QoL scores was also noted (ie, increased participation in vigorous activities, amount of time spent on accomplishing activities, decreased health problems interfering with social activities, increased energy, and improved health).
In contrast with improvements noted within the LVRS patients, the MT group showed improvement in only one cognitive area, accuracy in visual attention. None of the other tests showed significant improvement over time, and some tests showed a slight decline (ie, verbal abstract reasoning and sequential psychomotor skills). Additionally, no specific improvements in psychological functioning (anxiety and depression) or QoL measures were noted in the MT patients. In fact, the MT patients showed more depressive symptoms from time 2 (6 to 10 weeks of initial rehabilitation) to times 3 (6 months following randomization) in cognitive-affective items as well as in somatic items. Although these findings appear to be inconsistent with those of prior studies 2,15-17 of improved neuropsychological performance and psychological status following multidisciplinary treatment, most of the past studies examined cognition only at the 6-week to 10-week points, and data 18 suggest that ongoing exercise rehabilitation may be necessary to sustain this improvement. Overall, the current study suggests no significant changes in the MT patients at 6 months when controlling for practice effects. Future studies may find it useful to examine the difference between high and low exercise adherence in order to examine the degree to which exercise behavior directly influences neurobehavioral symptoms at 6 months.
The mechanisms underlying the neurobehavioral improvements in LVRS compared with MT were less clear. As expected, our findings indicate a minimal occurrence of neurologic events after LVRS. Two of the LVRS patients died following surgery, and we considered whether the data lost from these subjects influenced our results. In fact, post hoc analysis in which we added the values for these two patients from time 2 to time 3 showed no significant change in the original neuropsychological or psychological outcomes. None of the other improved cognitive scores in the LVRS group showed significant associations with depression or anxiety. Additionally, there was no difference in medication use or antidepressant use from baseline to follow-up in either the LVRS or MT groups. As expected, the LVRS patients demonstrated significant improvements in pulmonary and physical capacity compared with the MT group. In contrast with our expectations, there was no direct evidence that improved cognition in LVRS was strongly related to improved physical capacity (workload and 6-min walk) or pulmonary function. Thus, improvement in the LVRS group on measures of verbal memory, visual-spatial function, and sequential ability cannot be accounted for by psychological changes, medications, or pulmonary/exercise measures. Our results do suggest that overall improvement in QoL played a role in the improved cognitive function for LVRS. It was noted that the LVRS patients had more severe disease at baseline compared with the MT group (ie, lower workload, lower 6-min walk time, higher Pco 2 , and more respiratory medication). The fact that this group was more ill at baseline, underwent a major thoracic surgery procedure, and had better cognitive function at follow-up is striking and lends additional support to the utility of LVRS regarding neurobehavioral improvement in this population. The lack of an association between improved neuropsychological function and improved oxygenation or exercise may result from a number of factors. First, our overall sample size was quite small. Because of the multiple analyses conducted across the neurobehavioral measures, there is the potential for type 1 error and an overinterpretation of the neurobehavioral improvement. Alternatively, although we found significant improvement in the LVRS group on several cognitive test results, there were many results that did not reach statistical improvement, and a larger sample size may be necessary to control for multiple comparisons, to detect subtle cognitive changes, and to find associations with our measures. Second, although we included several widely used measures of exercise capacity, it may be that a more comprehensive assessment of exercise performance and daily activities, such as adaptive living skills or overall level of daily activity, is required to uncover key and/or subtle factors underlying the observed cognitive improvement. It is also possible that confounding factors that we controlled for, such as practice effects, as well as oxygen saturation across neuropsychological testing, may have contributed to the positive results in prior studies. Few relationships were found among the improved neuropsychological scores and exercise, oxygenation, and psychological variables, making it difficult to fully account for the mechanisms underlying our results.
In summary, LVRS led to a strong and likely clinically significant improvement in neuropsychological functioning over and above that explained by practice effects or MT. This adds to the growing list of clinical benefits of LVRS.
